Immune system activation has been observed during endurance exercise, but its relevance is largely unclear. We evaluated urinary neopterin excretion in an athlete competing in the Race Across America (RAAM), to determine whether neopterin excretion would indicate that immune system activation occurs during extreme endurance sport. Urinary samples were collected at the day before the race, during the whole RAAM, and, without a physical strain, seven days after the race. Neopterin normalized to creatinine concentration was determined by reversed-phase high-pressure liquid chromatography (HPLC). Data were analysed by repeated-measured analysis of variance (ANOVA). In the athlete, urinary neopterin concentration started to increase consistently after the start of the race until day four, followed by a decline thereafter, reaching values close to the starting value. The lowest average neopterin concentration was observed at day seven; this concentration was significantly lower than mean values at days 2-6 (all p <0.05). Comparing the power output (Watt) with the neopterin concentrations at the same time point revealed a significant correlation (r s = 0.333; p <0.05). A comparison of average daily urinary neopterin excretion mean values between the test and control person showed significant differences at all time points, except for the specimen obtained at day seven. This pilot study supports the hypothesis that extreme long endurance strain at low intensities leads to an activation of the immune system. Neopterin levels could be a convenient tool to assess the immune system activation induced by training in athletes.
Introduction
Physical strain elicits several changes in the human immune system. Moderate endurance training results in a "positive" immunomodulation, whereas "negative" immunomodulation may occur after extended training or contests. The latter condition is similar in pathogenesis to states of sepsis, trauma and acute myocardial infarction. Several studies suggest an increase of infectious or allergic diseases following extended physical strains (1, 2) .
Immunobiological changes related to ultra endurance sports are decreased proliferation of lymphocytes, decreased reactivity of natural killer cells, and decreased levels of immunoglobulins. On the other hand, the key cytokines interleukin-(IL-)-1, IL-2, IL-6, as well as the soluble IL-2 receptor, are increased after extended endurance strain (3) . Neopterin is synthesized and released by human monocyte-derived macrophages and dendritic cells stimulated by interferon-γ during an immune response (4, 5) . Therefore, neopterin is accepted as a surrogate parameter related to the cellular immune response in several diseases (4, 6) . To date, no information is available concerning neopterin production in endurance strains as biking, mountain hiking, or running extending beyond 24 hours. For the purpose of this study, we determined urinary neopterin concentrations in a healthy individual participating in an ultra-endurance exercise The Race Across America (RAAM).
Material and Methods
RAAM is known as the world's longest and hardest bike race, covering a distance of 4,763 km from San Diego to Atlantic City, and a total difference in altitude of 33,459 m. The weather conditions may vary from -7°C in the mountains and at night to +35°C as traversing the desert.
The present study was performed simultaneously on a participant of the race (test person, male, aged 37 years), and his accompanying coach / physician (control person, male, aged 37 years; Table 1 ). Urine was collected throughout the race, with the baseline obtained one day before the race, the second sample on the starting line, and further samples were collected during the event related to urine production. Final samples were collected on the first and seventh day after the race. Urinary samples (on average 3-5 samples per day) were placed in 2 ml cuvettes, which were protected from light and stored at -20°C. The neopterin to creatinine ratio was analysed by reversed-phase highpressure liquid chromatography (HPLC) and expressed as µmol neopterin/mol creatinine (7). Blood was withdrawn as a routine procedure from an antecubital vein once daily during sleeping breaks. Blood specimen were evaluated for hematocrit, hemoglobin and electrolytes, as part of efforts to optimize the athlete's biochemical status. The participant's body weight and temperature were recorded daily. Written and informed consent was obtained from both individuals investigated in this study according to Institutional Review Board Guidelines.
Data were expressed as mean ± standard deviation (S.D.) calculated from all specimens collected during each competition day. Descriptive statistics were generated for all parameters. Data were further analysed by repeated-measured analysis of variance (ANOVA). Individual differences between means were then evaluated using Tukey post hoc multiple comparison procedure. Statistical significance of paired differences in means and standard deviations of the metabolic alterations from baseline values were calculated by Student's test. For all statistical analyses, the level of significance was set at p <0.05.
Results
The final race time of the athlete was 202 hours (9 days, 10 hours) and 45 minutes, spending about 22 hours daily on the bike. The total sleeping time during the race was about 10 hours (participant) and 12 hours (coach). During the event, there was no limitation of nutrition and fluid intake. There was no sports strain during the week after the race.
Before the race commenced, the athlete presented with a urinary neopterin concentration of 149 µmol neopterin/mol creatinine, which was within the reference range, slightly above average neopterin concentrations in healthy controls of same age (101 ± 33) but below the upper limit of normal (182 = 97.5 th percentile) (6) . The neopterin concentration started to increase over the subsequent two days, followed by a decline and finally reaching values similar to the baseline value ( Fig. 1 ). Neopterin concentrations were still elevated one day following the race, but returned to normal on day 7 following the race. No circadian rhythm could be found (p >0.05). By contrast, urinary neopterin concentrations of the control person never significantly deviated from standard values. A comparison of daily urinary neopterin excretion mean values between the test and control person (mean ± SD over all specimens: 100 ± 17) showed significant differences at all time points, except for the specimen obtained 7 days following the race (Fig. 2) .
When comparing daily urinary neopterin excretion in the athlete between different days, there were higher levels on days two to four of the race compared to concentrations on day one (all p <0.05; Fig. 2 (Fig. 3) . and dropped during the race reaching a bottom value of 8 g/L. Comparing urinary neopterin concentrations with blood hemoglobin concentrations of the athlete, only a non-significant trend towards correlation was found (r s = -0.558; p = 0.075).
Discussion
Physical stress causes several immunobiological changes. In general, an immune response can be caused either by physical strain and/or environmental influences (8) . Measurements of neopterin seems relevant for monitoring of immune system status, since this pteridine derivate is a stable product, which is released during Th1-type immune response, and is readily detectable in urine. Increase of neopterin production following exercise is consistent with macrophage activation, which has been described before (9) . In our study, an increase of neopterin concentration was observed in urine samples of a professional cyclist under a moderate, but very long intensity of physical strain during 9 days of the RAAM. In contrast, the control person, who was only strained by a loss of sleep, showed no change in neopterin concentrations. Thus, most likely, physical activity induced the increase in neopterin levels. Increased neopterin concentration occurs subsequent to IFN-γ production, and activation of monocyte-derived cells (4, 5, 10) . In our study, the highest concentration of neopterin were registered 2-4 days after the start of the race, corresponding to a previous investigation by Deetjen et al. within the "Ötztal bike Marathon" (11) . Interestingly, before baseline, the athlete's neopterin concentrations were already slightly higher than the average levels observed in healthy controls. This could be related to the physical strain in preparation for the race. An activation of the immune system and an increase of neopterin concentrations in ultramarathon runners have also been described previously (12) . Interestingly, in concordance with previous studies, the relative increase of urinary neopterin in our sportsman, albeit significant, was rather modest compared to baseline or to neopterin concentrations in the healthy controls. We note that long-lasting exhausting sports activity, as it is the case during the several days of RAAM, was not reflected by an exorbitant increase of neopterin concentrations. Still, clinical conditions like virus infections or malignancy cause an average increase of neopterin concentrations (4), which by far exceeds the effect of endurance sports.
Notably, physical strain and endurance sports appear to be associated with a higher rate of infections and with development of an immunodeficient state. Likewise, long-lasting and repeated situations of immune activation are known to be associated often with immunodeficiency, this relationship is especially expressed in patients with HIV-1 infection or with cancer (13) . Also increased production of catecholamines could be related to immune activation cascades: Th1-type cytokine interferon-γ stimulates GTP-cyclohydrolase I, the key enzyme of pteridine biosynthesis, and due to only a limited constitutive expression of subsequent enzyme pyruvoyl-tetrahydropterin synthase, the human and primate monocyte-derived cells end with the production of neopterin, whereas other cells produce 5,6,7,8-tetrahydrobiopterin, the cofactor of several amino acid hydroxylases including phenylalanine and tyrosine hydroxylases (14, 15) . Consequently, immune activation cascades could also contribute to the increased production of catecholamines during sports. Of course, physical strain-related production of catecholamines is boosted by temperature and dehydration (16) . In addition to a two-fold increase in epinephrine concentration, a higher intramuscular consumption of glycogen, glycolysis and higher consumption of carbohydrates takes place under physical strain (17, 18) .
Inflammatory conditions like trauma or sepsis lead to an enhanced production of cortisol up to 20-times of standard value (19, 20) . A time-dependent relationship between neopterin and cortisol production was observed in patients with systemic lupus erythematosus and their responses to everyday stressors (20) . Similarly, increased serum cortisol concentrations can be observed during endurance training. For example, high cortisol concentration in blood samples is used to register over-training (21) . Gabriel et al. showed a linear increase of leukocyte concentration, especially neutrophils, under increased duration and constant intensity of physical strain, correlating with an increase of the cortisol concentration (22, 23) . Epinephrine and norepinephrine showed a significant increase under endurance strain with a maximum oxygen consumption (VO 2 max) of 40% followed by a decrease to standard values (24) . The production of catecholamines modulates lipolytic activity (25) . Several studies have shown that a VO 2 max of 85% causes an activation of glycogenolysis via Ca 2+ completely independent of epinephrine concentration (26) . Thus, extremely extended endurance strain with low intensity (VO 2 max of 60-65%) could probably condition a negative immunomodulation caused by the combination of epinephrine and increased cortisol concentration. This would be in congruence with several studies that noted a negative immunomodulation in shorter endurance strain with higher intensity up to 75-80% VO 2 max.
Activation of the immune system by loss of sleep conditions may suppress the circadian rhythm, which, in combination with the production of epinephrine and cortisol under extreme endurance, boosts the activation of the immune system by low intensity physical strain. Together, these factors would explain, at least in part, the high incidence of infectious diseases in professional sportsmen. However, the increase of neopterin and cortisol production has also been observed during and after short-term physical exercise when a possible influence of night shift can be excluded and the effect of cortisol on immunocompetent cells is usually suppression rather than enhancement. Further investigations on a larger group should be made to strengthen our results.
In conclusion, this pilot study showed that in a test subject undergoing long endurance strain at low intensities, activation of the immune system was comparable to a short endurance strain with higher intensities. Neopterin levels could be a convenient tool to assess the training load in athletes, and possibly even be a promising tool for detecting first signs of overreaching-/training in athletes.
